The mechanical and crush behaviour of high-performance sheet moulding compounds (SMCs) was studied. SMC laminates and half tubes were consolidated using a hot press. SMC tubes were made using two half tubes joined together with adhesive bonding and/or mechanical fastening. Both high-toughness SMC (SMC-T) and high-strength SMC (SMC-S) showed excellent tensile and flexural properties under static loading. The fracture toughness of SMC-S was somewhat higher than that of SMC-T, but at room temperature the energy absorption of SMC-T was higher than that of SMC-S. However, the impact strength of SMC-T decreased rapidly with increasing temperature, while that of SMC-S dropped only slightly up to 100°C. Dynamic mechanical thermal analysis (DMTA) results showed that SMC-S maintained its mechanical properties up to 150°C, while the storage modulus of SMC-T reduced rapidly with increasing temperature. SMC tubes were crushed at a speed of 500 mm/min. The specific energy absorption of both SMC-S and SMC-T tubes could reach 50 kJ/kg. The crush strength of the mechanically fastened SMC tubes was much higher than that of adhesively bonded ones.
INTRODUCTION
The sheet moulding compounds (SMCs) investigated consisted of short glass fibres and an unsaturated vinylester resin/styrene matrix. The random distribution of the glass fibres in the composites produced planar isotropic properties. High specific stiffness, strength and lower manufacturing costs [1 3 ] SMC very commercially valuable, especially in the automotive industry, for applications such as door trims, panels, sidewalls, crash pads and seat trims [4] . Many studies on the mechanical properties, fracturing and fatigue behaviour, and manufacturing methods of SMCs have been published [512] . However, low toughness and strength at elevated temperatures limit their applications. Recently, two new types of SMC composites have been developedhigh-strength SMC (SMC-S), which can maintain its properties very well up to 125°C; and high-toughness SMC (SMC-T), which possesses very high impact toughness and energy absorption capability.
This study focussed on the static mechanical properties and impact behaviour of both new compounds at ambient and elevated temperatures. Furthermore, SMC tubes using these materials were explored.
EXPERIMENTAL 2.1. Materials
Used vinylester based SMC sheets, consisting of short E-glass fibres (about 25 mm length) randomly distributed in vinylester resin (VE), were supplied by Quantum Composites Inc. (QC), Midland USA, viz.: · SMC-S (QC-8560)containing 60 wt% glass fibres, which could maintain excellent mechanical properties at elevated temperature above 125°C and withstand short-term exposures of over 300°C. · SMC-T (QC-8800)containing 63 wt% glass fibres, which had high impact resistance at room temperature.
Sheets were cut to fit steel mould with a square capacity of 200 ´ 200 ´ 20 mm 3 , and were consolidated using a hot compression machine at a temperature of 125°C and an applied pressure of 6
Letter MPa. All specimens tested were cut from the consolidated panel using a diamond saw, and the edges were then machine-ground.
Half tubes 50 mm in radius were also manufactured in a special mould using the same consolidating conditions. The overall length of the moulded half tubes is 300 mm. Two half tubes with different flange length (10, 20 and 30 mm) were joined together using adhesive bonding and/or mechanical fastening. An epoxy-based two-component adhesive (Araldite super strength epoxy adhesive) used to join the two half tubes after the surfaces of the flanges were treated using abrasion paper (grade 150). Some of the tube specimens were enhanced using three M5 screws with washers along the flanges after adhesive bonding.
Experimental
Tensile and flexural properties were determined according to ASTM D-638 at a cross-head speed of 1 mm/min and ASTM D-790 at a speed of 2.7 mm/ min, respectively. The fracture toughness and critical strain energy release rate of both SMC-S and SMC-T were characterised following ASTM D-5045 using both compact tensile (CT) and single-edge-notch bending (SENB) specimens at a cross-head speed of 1 mm/min. The geometry of the CT specimens was 60 ´ 60 ´ 10 mm with a notch length of 20 mm. The geometry of the SENB specimens was 80 ´ 18 ´ 10 mm with a notch depth of 9 mm, while the support span was 40 mm.
The dynamic mechanical thermal behaviour of the SMC composites was monitored using a DMTA machine (TA Instrument) with a temperaturescanning mode from 30300°C at four frequencies (0.1, 1, 10 and 50 Hz).
The impact toughness of the SMC laminates was evaluated using an instrumented impact tester (Ramada) according to ASTM D-256. The geometry of Charpy impact specimens was 80 ´ 12 ´ 2 mm without notches. The impact speed was 3.7 m/sec in the out-of-plane direction. Three environmental temperatures (ambient, 50°C and 100°C) were applied when evaluating impact behaviour. Falling weight impact tests were carried out using the same instrument with an impact speed of 7 m/sec. The specimen geometry was 100 ´ 100 ´ 2 mm and the diameter of the support ring was 70 mm. The radius of the impact tip was 5 mm.
Crush tests on SMC tubes were carried out using a MTS universal test machine with a crush speed of 500 mm/min. The length of tubes was 100 mm and the end of the tube was worn to 45°. The average values were obtained from at least three specimens of all compounds.
RESULTS AND DISCUSSIONS 3.2 Static Tests
Both SMC-T and SMC-S specimens had the same tensile modulus values. Although SMC-T had a softer matrix compared to SMC-S, the higher fibre content in SMC-T reversed the reduction of matrix ( Table  1) . The tensile and flexural strength of SMC-T was somewhat higher than that of SMC-S. SMC-T had higher tensile modulus than SMC-S. According to data [8] in the literature, high-performance SMC composites have clearly higher tensile and flexural properties than traditional SMC.
Fracture Toughness
Results from CT tests showed that the fracture toughness (K IC ) of SMC-S was somewhat higher than that of SMC-T. However, the critical energy release rate (G IC ) of SMC-S was almost the same as that of SMC-T. The SENB tests gave slightly higher values UhiyrÃ )ÃUrvyrÃhqÃsyrhyÃrvrÃsÃTH8ÃpvrÃ
for both K IC and G IC compared to the CT tests. Details of the SENB and CT test results are given in Table 2 .
Dynamic Mechanical Thermal Analysis
At a frequency of 1 Hz, the storage modulus of SMC-S and SMC-T was almost the same at ambient temperature, but decreased with increasing temperature for both materials. However, the storage modulus of SMC-S was always slightly higher than that of SMC-T, before the glass transition temperature (T g ) was reached (Fig. 1) . The temperature at the maximum value of lost modulus was considered as T g of the material. The T g of SMC-S was about 153°C (Fig. 1) , which was much higher than that of SMC-T (T g = 80°C). These results indicated that SMC-S could be used in much higher temperatures than SMC-T.
The thermal mechanical behaviour of the composites tested depended on not only temperature, but also vibrating frequency. At low frequency, the storage modulus of SMC-S had almost the same values of from 0.1 to 1 Hz. Increasing frequency led to high storage modulus. On the other hand, the storage modulus of SMC-T increased in the low frequency range of 0.110 Hz (Fig. 2) . At high frequency (10 50 Hz), the storage modulus of SMC-T as almost the 
; hÃ Ã PP 60&6 60&7 same. The T g of both SMC composites increased with increasing vibration frequency.
Falling Weight Impact
The impact loaddeformation curves at ambient temperature for both composites are shown in Fig. 3 . The impact load increased with deformation until a maximum value. After the dart penetrated the panel, the impact load reduced gradually. SMC-T clearly had higher impact load and a larger energy absorption capability than SMC-S.
The impact properties of both SMC composites are summarised in the Table 3 . The ductility index [11] , defined as (E total E peak )/E total , of SMC-T was clearly higher than that of SMC-S.
Impact Strength at Different Temperatures
The impact strength of both SMC composites decreased with increasing temperature. The load deformation curves of SMC-S and SMC-T at different temperatures are shown in Fig. 4 .
The impact behaviour of SMC-S was almost the same between 50°C and 100°C. However, SMC-T showed a more significant decrease in impact strength with increasing temperature. At 50°C, the peak load of SMC-T dropped by half at ambient temperature and continued to drop to one-fourth at 100°C (Fig. 5 ).
The energy absorption ability of SMC-S up to the peak load (E peak ) remained at the same level between ambient temperature and 100°C, while the energy absorption of SMC-T at the peak load reduced rapidly. The value of E peak at 50°C was two-thirds that at ambient temperature, while at 100°C only one-third was attained. In addition, the total energy absorption (E total ) of SMC-S remained at the same level from 50°C to 100°C, after an initial drop of 25% in E total from ambient temperature to 50°C.
SMC-T showed a significant reduction in the maximum load and energy absorption capabilities with increasing temperature. Deformation at the peak load (X max ) increased with increasing temperature. However, at 100°C the maximum deformation of SMC-T was smaller than that at 50°C, since the testing temperatures were higher than T g , which led to deterioration of the matrix (Table 4) .
Fracture Morphology
The fracture morphology of the two SMC materials were analysed using scanning electron microscopy. The impact fracture surfaces at elevated temperatures showed distinct characteristics compared to those at ambient temperature. SMC-T samples that were fractured at ambient temperature and 50°C showed poor bonding between fibre and matrix. However, when SMC-T was broken at 100°C, the interface between fibre and matrix showed strong adhesion. It appeared that the matrix softened with a reduction in its strength, because of temperatures higher than its T g (Figs 3 A, B, C) . On the other hand, SMC-S showed brittle fracture morphology at ambient and also elevated temperatures, since its T g was higher than 100°C ( Figures 3D, E, F) .
Crush Properties of SMC Composite Tubes
The crush loaddisplacement curves of SMS-S tubes are shown in Fig. 6 . The maximum load of SMC-S tubes during the crushing process increased with increasing flange length. However, the maximum stress, F max /area, remained at almost constant levels.
The bolted tubes endured much higher maximum loads than the adhesively bonded ones. The crush load dropped quickly after breaking a bolt and then increased until the crushing end arrived at the next bolt. The bolted tubes with adhesive bonding endured the maximum crush load, since the joining between two halves of the tube was enhanced. The specific energy absorption (E s ) is defined as :
Where E (kJ) is the absorbed energy, A is the crush area (mm 2 ), L is the destroyed (mm) and r is density of the materials.
The crush data of SMC tubes are shown in Table 5 .
The tubes with different flange lengths had almost the same specific energy absorption. SMC-T tubes had a somewhat higher energy The typical appearance of a crushed tube can be seen in Fig. 7 . There is no clear buckling failure mode visible. The outer layers of the tube were bent outwards during the crushing process and the inner layers were bent inwards. Debonding was evident in the area of the joining flanges.
The specific energy absorption value of the SMC composites was about 50 kJ/kg. A comparison of SMC tubes with other materials [12] , in terms of the specific energy absorption capacity, is shown in Fig.  7 . The specific energy absorption capacity of the SMC composites was much higher than that of steel and aluminium due to its low density. Although the specific energy absorption of SMC composites was lower than that of continuous carbon fibre-reinforced 7rsrÃpu 6srÃpu 7rsrÃpu 6srÃpu epoxy composites, it is higher than that of continuous glass fibre-reinforced epoxy composites. Considering the low cost of raw materials and convenient processing, SMC composites could be used as crashworthy materials in many application areas.
CONCLUSIONS
Both SMC-T and SMC-S composites have excellent tensile and flexural properties. SMC-T has a higher impact toughness and energy absorption ability during perforation impact. The glass transition temperature of SMC-S can reach 150°C, while the softening temperature of SMC-T was only 80°C. The energy absorption capacity of SMC-S was much higher than that of SMC-T at elevated temperatures. The specific energy absorption of the SMC composites tested was about 50 kJ/kg. Using a combined system of mechanical fastening and adhesive bonding to join two halves of tubes of SMC material can significantly increase the crush load.
